The paper presents a comparison of the process properties of two types of the heat exchangers designed for the heat removal from a high temperature helium cooling loop with steady natural circulation of helium. The first considered heat exchanger is a shell and tube heat exchanger with U-tubes and the other one is a helical coil heat exchanger. Using the thermal and hydrodynamic process calculations, the thermal performance of the two alternative heat exchangers are determined, as well as the pressure drops of flowing fluids in their workspaces. The calculations have been done for several defined operating conditions of two considered types of heat exchangers. The operating conditions of heat exchangers correspond to the certain helium flow rates.
Introduction
An important area of nuclear energy research is currently also the development of new technologies characterised by improved efficiency, increased safety and reliability as well as lower radioactive waste production. New types of the nuclear power reactors are a part of these technologies. The perspective types of nuclear reactors are also the gas-cooled fast reactors (GFR) which rank among the so-called Generation IV reactors. A suitable heat transfer medium of the primary circuit system and the decay heat removal system in such gascooled fast reactors appears helium. For this reason, the research of helium cooling loop systems is very topical. The research activities in the given area from several aspects are documented in the various publications, as for example [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] .
The cooling loop systems can be divided from a process point of view into the systems with forced or natural circulation of the cooling fluid. The operation of such cooling loop systems is based on a combination of thermal and hydrodynamic processes that are interdependent. A very significant influence on the qualitative and quantitative side of the thermo-hydrodynamic processes has the geometric configuration of the system. For the efficient operation of cooling systems with the natural circulation of the primary cooling fluid, it is important to minimise the consumption of mechanical energy in the natural circulation. In this regard, it is necessary to use a suitable type of the heat exchanger intended for heat removal from the primary cooling fluid. An example of a high temperature helium cooling loop allows the suitability assessment of the two types of heat exchangers, based on the thermo-hydrodynamic process calculations. The first considered heat exchanger is a shell and tube heat exchanger with U-tubes and the other one is a helical coil heat exchanger. Thermohydrodynamic process calculations of both heat exchangers have been performed for the operating conditions of cooling loop with steady natural circulation of helium. This cooling loop can be defined as a model of passive safety feature serving to emergency heat removal from the fast reactor working space (the active zone of gas-cooled fast reactor). Such a type of helium cooling loop is one of the research subjects in our department [4, 7, 9] .
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The characteristic of assessed heat exchangers designed for the heat removal from a high temperature naturally circulating helium cooling loop
Based on the thermo-hydrodynamic process calculations of the heat exchangers, a comparison of the operating properties of two types of assessed heat exchangers have been performed in terms of their suitability for the heat removal from a high temperature, naturally circulating helium cooling loop (Fig 1) . The model cooling loop consists of four main components: model of gas-cooled fast reactor (1), model of the heat exchanger for decay heat removal (2), hot piping branch (3) and cold piping branch (4) . The GFR model is used to simulate a source of decay heat generated by electric heating through heating elements (rods). The model of DHR heat exchanger is used for the heat removal which is generated in the reactor model. The GFR model and the heat exchanger model are interconnected through the hot piping branch and the cold piping branch. The primary heat transfer fluid is helium. The secondary cooling fluid in the DHR heat exchanger model is water. The cooling water flows in the tube side and helium in the shell side of the heat exchanger model. Fig. 1 High temperature helium cooling loop [4] (1 -GFR model, 2 -DHR heat exchanger model, 3 -hot piping branch, 4 -cold piping branch).
The helium cooling loop must ensure a passive heat removal from the reactor model, i.e., it must be achieved a sufficiently intensive natural circulation (circulation caused by the effect of gravity) of helium in the cooling system due to a helium density difference in the cold and hot piping branch. Within such helium circulation the appropriate thermo-hydrodynamic conditions have to be achieved in the DHR heat exchanger model in order to ensure the desired heat flow rate removal from helium to the cooling water.
The first considered type of the DHR heat exchanger model is a shell and tube heat exchanger with U-tubes (Fig 2) . From a design point of view, this is a heat exchanger with a tube bundle located inside a cylindrical shell 27320 mm. The helium section of cylindrical shell is made of low alloy heat resistant steel. The cooling water section of shell as well as the tube bundle and the tube sheet are made of stainless steel. The tube bundle consists of twenty U-tubes 161.5 mm with a length of 2.2 m, which are fixed in the tube sheet. The heat exchanger shell side internals consists of some segmental baffles (baffle spacing 80 mm) to direct the flow of helium and to support the tubes. The second considered type of the DHR heat exchanger model is a helical coil heat exchanger (Fig 3) . A helically coiled tube 262 mm with a total length of 21 m, which is made of stainless steel, is located inside a cylindrical shell 27320 mm. The average diameter of the coil winding is 190 mm and its pitch is 30 mm. The cylindrical shell of a helical coil heat exchanger is made of low alloy heat resistant steel. Both of the considered heat exchangers have approximately the same external design dimensions and the same size of the heat exchange area 1.553 m 2 .
Methodology and the conditions of thermo-hydrodynamic calculations of heat exchangers
Thermo-hydrodynamic process calculations of two types of heat exchangers (a shell and tube heat exchanger with U-tubes and a helical coil heat exchanger) designed for the heat removal from a high temperature helium cooling loop (e.g. DHR heat exchangers) have been performed for the defined operating conditions, as listed in Tab. 1. The necessary mass flow rates of helium and cooling water follow from the thermal calculations of the heat exchangers. Based on the mass flow rates of helium mHe and cooling water mW, it is possible by the hydrodynamic calculations to determine the values of the pressure drops in the heat exchangers for helium pdHe and for cooling water pdW. The methodology of process calculations of heat exchangers may be found in the various specialised publications [11, 12, 13] .
For the thermal calculation of the heat exchangers, the balance equations of the enthalpy
as well as the kinetic equation for the heat flow Q between helium and cooling water through the heat exchange wall of the heat exchanger
Tab. 1 Defined operating conditions for thermo-hydrodynamic process calculations of two types of the heat exchangers designed for the heat removal from a high temperature helium cooling loop.
Parameter Symbol Value
Operating pressure of helium (1) and (2) contain the following variables related to the solved heat exchangers: the mass flow rates of helium mHe and cooling water mW, specific enthalpies of helium at the inlet hHeI and at the outlet hHeO, specific enthalpies of cooling water at the inlet hWI and at the outlet hWO, mean values of the specific heat capacities of helium pHe c and of cooling water pW c , the temperatures of helium at the inlet THeI and at the outlet THeO and the temperatures of cooling water at the inlet TWI and at the outlet TWO. In the equation (3), A is the heat exchange area of the heat exchangers, k is the mean value of the overall heat transfer coefficient which can be expressed by the equation The dimensionless heat transfer coefficient is most commonly expressed in the form of the Nusselt number Nu, which is defined by the equation
where L is the characteristic dimension and λf is the thermal conductivity of the fluid. Based on the similarity methods, the general functional relationship for the convective heat transfer can be written in the form: f(Nu, Fo, Re, Gr, Pr, s1, s2, s3, ...) = 0. The meaning of the variables in this relationship is as follows: Fo is the Fourier number, Re is the Reynolds number, Gr is the Grashof number, Pr is the Prandtl number and s1, s2, s3, ... are the other dimensionless parameters. On the basis of these mentioned relations, it is possible by the thermal calculation to determine the values of the mass flow rates of helium mHe, the temperatures of helium at the outlet of the heat exchanger THeO and the mass flow rates of cooling water mW for given values of the transferred heat flow rates Q in the heat exchangers. The thermal calculation assumes the constant values of the following variables: the pressure of helium in the heat exchanger pHe, the temperature of helium at the inlet of the heat exchanger THeI, the temperature of cooling water at the inlet of the heat exchanger TWI and the temperature of cooling water at the outlet of the heat exchanger TWO.
The hydrodynamic calculation of the heat exchangers includes the determination of the pressure drops due to friction and the local pressure drops in each working space of the heat exchangers. The total pressure drops pd in each working space of the heat exchangers are the sum of the frictional pdf and local pdl pressure drops in these spaces (pd = pdf + pdl). The frictional pressure drop pdf is possible to calculate for flow of fluid in the straight or curved duct theoretically, using the equation:
where λh is the friction factor, L is the length of the duct, D is the characteristic internal diameter of the duct, v is the characteristic velocity of fluid in the duct and ρ is the density of the flowing fluid. Generally, the value of the friction factor λh depends on the value of the Reynolds number Re and on the duct geometry. The following equation has been used to calculate the local pressure drops pdl in the working spaces of the heat exchangers:
In equation (8), the values of local drag coefficient ζ depend mainly on the geometric configuration of the objects in the working spaces of the heat exchangers which cause the local hydraulic resistances to fluid flow.
Results
The results of thermal and hydrodynamic process calculations of the shell and tube heat exchanger with U-tubes and of the helical coil heat exchanger present a comparison of the magnitudes of transferred heat flow rates between helium and cooling water in the two alternative heat exchangers, as well as the pressure drops of flowing fluids in their workspaces. The results also show the calculated values of some important process and operating parameters of the heat exchangers (e.g. the overall heat transfer coefficient and the temperature of helium at the outlet of the heat exchanger). The calculations have been done for several defined operating conditions of two considered types of heat exchangers. The operating conditions of heat exchangers correspond to the certain helium flow rates. The results of the calculations are presented in the form of graphs.
The Fig. 4 shows a comparison of the transferred heat flow rates Q between helium and cooling water in the heat exchanger with U-tubes and in the helical coil heat exchanger at different helium mass flow rates mHe. The influence of the helium mass flow rate mHe on the mean value of the overall heat transfer coefficient k in the heat exchangers and on the helium temperature at the outlet of the heat exchangers THeO is shown in the Fig. 5 and in the Fig. 6 respectively. Fig. 4 The comparison of the transferred heat flow rates at different helium mass flow rates in the heat exchanger with U-tubes (UE) and in the helical coil heat exchanger (HE). Fig. 5 The influence of the helium mass flow rate on the overall heat transfer coefficient in the heat exchanger with U-tubes (UE) and in the helical coil heat exchanger (HE). 6 The influence of the helium mass flow rate on the helium temperature at the outlet of the heat exchanger with U-tubes (UE) and in the helical coil heat exchanger (HE).
In the Fig. 7 , the dependences of the pressure drops in the shell side of the heat exchangers for helium pdHe on the helium mass flow rate mHe are plotted, and the Fig. 8 shows the dependences of the pressure drops in the tube side of the heat exchangers for cooling water pdW on the mass flow rate of the cooling water mW under the given conditions. Fig. 7 The dependences of the pressure drops in the shell side of the heat exchanger with U-tubes (UE) and in the helical coil heat exchanger (HE) for helium on the helium mass flow rate. The Fig. 9 shows the relationship between the helium mass flow rate mHe in the shell side of the heat exchangers and the mass flow rate of the cooling water mW in the tube side of the heat exchangers. Fig. 9 The relationship between the helium mass flow rate and the mass flow rate of the cooling water in the heat exchanger with U-tubes (UE) and in the helical coil heat exchanger (HE). 
Conclusion
The results of the calculations document the comparison of the basic operating parameters (transferred heat flow rates between the fluids, pressure drops of the fluids) of two types of the heat exchangers (shell and tube heat exchanger with U-tubes, helical coil heat exchanger) designed for the heat removal from a high temperature helium cooling loop with steady natural circulation of helium under defined operating conditions. It follows from the above mentioned results, that the helical coil heat exchanger is more suitable from the process point of view for cooling loop with the natural circulation of the primary fluid (helium), because it achieves the higher values of transferred heat flow rates between helium and cooling water at significantly lower pressure drops for the flow of helium. A certain disadvantage of a helical coil heat exchanger is a relatively higher pressure drops for the flow of cooling water in a helically coiled tube. If necessary, this disadvantage can be eliminated by the modification of the heat exchanger design, i.e. mainly by the geometry alteration of the helically coiled tube and by the dimensions changing of the heat exchanger shell.
